In the present study, effect of different geometries of inner and outer tube surfaces on heat transfer of a double pipe heat exchanger is studied. Water-CuO nanofluid, that is assumed to be a single phase, flows in the outer tube. Two-equation standard κ-ε turbulence model is used to model the turbulent flow. Simulations are done for different cases include convex, concave and smooth surfaces for inner and outer tubes at different Reynolds numbers. Results show that the maximum heat transfer corresponds to the convex-concave case in comparison with the smooth-smooth one. Heat transfer rate increases with the Reynolds number, but the slope of the increase for nanofluid is lesser than that for the pure fluid. It is demonstrated that the friction factor decreases with the Reynolds number, so the pressure drop decreases as the Reynolds number increases. Also, the simulations are done for two other nanofluids, water-ZnO oxide and water-SiO 2 dioxide with a volume fraction of 3%. It is found that water-CuO nanofluid flow leads to more heat transfer rate in a double pipe heat exchanger in comparison with the other nanofluids.
INTRODUCTION
Heat exchangers are used in most industrial units. Therefore, improving the efficiency and increasing heat transfer have been the subject of considerable studies in recent years. There are two ways to increase heat transfer in a double pipe heat exchangers: the use of curved pipes and nanofluids. The curvature increases the effective surface and the turbulence rate of the fluid flow results in an increase in the heat transfer. Due to the presence of metal and carbon, nanofluids have a higher conductivity rather than non-metallic materials [1] . The increase in the heat transfer coefficient of a nanofluid in comparison with the base fluid depends on the parameters such as the concentration, type and size of the nanoparticles.
Pak and Choi [2] examined the increase in heat transfer due to the presence of aluminum oxide and titanium dioxide nanoparticles in a horizontal circular tube. They found that the heat transfer coefficient of aluminum oxide nanofluid with a volume concentration of 3% increases by 12% compared with the pure fluid. Li and Xuan [3] experimentally investigated the heat transfer of water-CuO nanofluid in a tube with constant heat flux for two laminar and turbulent regimes and provided a relation to predict the heat transfer coefficient for these two flow regimes. Yang et al. [4] investigated the increase in the heat transfer coefficient in a horizontal tube heat exchanger and presented a new correlation. They showed that the heat transfer coefficient concluded from their relation is lower than that from Li and Xuan's equation. Zeinali et al. [5] investigated the effect of water-CuO and water-Al 2 O 3 nanofluids on heat transfer from a helical tube at a constant temperature. They showed that the heat transfer coefficient increases with volume fraction and the increase is higher for water-Al 2 O 3 nanofluid. Wen and Ding [6] measured the pressure drop and heat transfer coefficient of water-Al 2 O 3 nanofluid in a circular tube in a fully developed fluid flow. Their results showed that the nanofluid friction coefficient can be predicted analytically using the Darcy equation for one-phase flows. Vasu et al. [7] studied the affective parameters on heat transfer rate of a compact heat exchanger numerically. They found that the cooling capacity of nanofluid is much higher than that of pure fluid. Pantzali et al. [8] investigated the effect of water-CuO nanofluid on the performance of a small plate heat exchanger (PHE) and concluded that lower power is required for decreasing the pressure drop of nanofluid flow. Hwang et al. [9] investigated the increase of heat transfer in a double pipe heat exchanger with water-TiO2 nanofluid. Kannadasan et al. [10] experimentally investigated the heat transfer of the nanofluid and pressure drop of water-CuO in a helical heat exchanger. They reported that nanofluids with the volume fraction of 1% and 2% results in an increase in Nusselt number equal to 37% and 49%, respectively. In another experimental investigation, Zamzamian et al. [11] examined the effect of two nanofluids ethylene glycol-Al 2 O 3 and ethylene glycol-CuO on heat transfer of forced convection in a double pipe heat exchanger. Huminic and Huminic [12] numerically studied the heat transfer of water-CuO and water-TiO2 nanofluids in a spiral double pipe heat exchanger under laminar flow. They concluded that the increase in the volume fraction of nanoparticles results in increasing heat transfer.
In the present work, the geometry effect on thermal performance of a double pipe heat exchanger is studied. The working fluid is considered to be a nanofluid. In other words, both proposed methods are used to increase the heat transfer in the heat exchanger. The simulations are performed by using ANSYS FLUENT 6 commercial software. The main objective of the present study is determination of the optimum geometry for corrugated tubes by numerical simulations. In addition, the influence of water-ZnO and water-SiO 2 nanofluids on heat transfer rate of the heat exchanger is studied. A numerical simulation result is compared with experimental results and the pressure drop and Nusselt number are presented in this regard.
GOVERNING EQUATIONS
The flow is assumed to be steady and incompressible with constant physical properties. Based on the above assumptions, the mass conservation equation (continuity equation) is as follows [13] :
The Navier-Stokes equations are expressed as:
The energy equation is simplified as follows:
The SIMPLE algorithm is used for coupling the velocity and pressure equations. The equations are discretized by the finite-volume method. The second-order upwind is employed for spatial discretization of the velocity components. Also, the second order central difference scheme is used for spatial discretization of density.
The nanofluid flow can be modeled using single-phase or two-phase methods. Here, a single-phase model is used which involves defining the effective properties of nanofluid as follows [13] :
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where,  G is the production of kinetic energy due to the velocity gradient. Also, the value of the constant coefficients is as follows: 
RESULTS AND DISCUSSION
The heat exchanger includes two inner and outer tubes. Cold nanofluid flows through the outer tube and hot water flows through the inner one. Different corrugated tubes are considered to compare with the smooth tube surfaces. The effect of these geometries on heat transfer in a double pipe heat exchanger is investigated numerically. Water-CuO nanofluid is the working fluid. Based on the experimental results of Sadighi et al. [15] who considered seven new types of corrugated tubes for a double pipe heat exchanger, in the present work, the same geometries are examined numerically in the presence of the nanofluid. Different arrangements of tubes are shown in Table 2 . Dimensionless hydraulic diameter (D*) is defined as the ratio of the hydraulic diameter and the diameter of the inner tube (D). To ensure the accuracy of the simulations, the arrangement D is compared with the experimental results of Sadighi et al. [15] . The schematic of the problem is shown in Figure 1 Figure 2 shows that the Nusselt number increases with increasing the Reynolds number. It can be seen that there is a good agreement between the values obtained from the present simulation and experimental results of Sadighi et al. [15] . The maximum error is related to the Reynolds number 17500 and equal to 8.6%.
Because the computational cost of each simulation directly relates to the number of grid points, the number of nodes is required to determine an appropriate grid resolution. For this reason, four different computational grids is considered to simulate the arrangement D. Figure 3 illustrates that 222164 grid resolution has a very small difference with the smallest mesh results (285580 grid resolution). In the next section, the simulations for the seven different geometries will be presented by using the computational domain with 222164 grid points.
Effect of tube surface geometry
In this section, water-CuO nanofluid is assumed as the working fluid (of 3% volume fraction) in the external tube and water is considered as the internal tube working fluid. The heat transfer rate and the efficiency of the heat exchanger is calculated and compared with each other for different tube surface arrangements. The variation of the Nusselt number in terms of Reynolds number is plotted in Figure 4 for different geometries of corrugated tubes.
Comparison of the results shows that the highest amount of Nusselt number belongs to the F-type heat exchanger, which has a convex interior tube surface and a concave outer tube surface. As expected, this result is qualitatively consistent with the result of Sadighi et al. [15] . The reason for this increase in heat transfer can be explained as follows: The outer tube with a concave surface drives the cold nanofluid to the inside of the inner tube, and the inner tube with the convex surface do a reverse action. For this reason, further mixing takes place and the heat transfer rate increases. Due to the fact that the nanofluid is enclosed between two concave and convex surfaces with a smaller cross-section, the turbulence of the flow is more intense. Obviously, using the nanofluid in the outer tube leads to an increase in the heat transfer rate. In addition, it can be seen that with the increase of the Reynolds number results in an increase in the heat transfer rate for all arrangements. Since the Nusselt number is directly related to the Reynolds number, the last result was expected, but the slope of the curves is different in Figures 3 and 4 . The increase in the Nusselt number when the nanofluid flows in the outer tube is less than that the water flows as the operating fluid in inner and outer tubes. In other words, the dependence of the Nusselt number on the Reynolds number for the case of being nanofluid as a working fluid is less than that of employing water as the working fluid in outer tube. Now, the percentage increase in the Nusselt number in tubes with at least one curved surface is investigated at different Reynolds numbers and is compared with the case of the smooth surfaces of the tubes. In Figure 5 , Nu* is defined as the ratio of the Nusselt number for the arrangements B to G and the Nusselt number corresponding to the arrangement A. This figure shows that the percentage increase of heat transfer decreases with increasing Reynolds number. This result is also qualitatively consistent with experimental results of Sadighi et al. [15] . Similar to their results, current simulations demonstrates that the slope of increasing of the Nusselt number depends on the geometry of the surfaces of the inner and outer tubes. The slope is large for the cases in which there are more curved surfaces. This is low for the cases in which at least one of the surfaces is smooth. In addition, as already mentioned, the percentage increase in the Nusselt number in the present work at different Reynolds numbers and for various geometries is less than that reported by Sadighi et al. [15] . The pressure drop is another important factor in the design of heat exchangers. Since the coefficient of friction is directly related to the pressure drop, the variation of this coefficient shows the variation of pressure drop in each of the above geometries. The coefficient of friction f is defined as [15] :
where, L is heat exchanger length. Figure 6 shows the variation of the friction coefficient in terms of the Reynolds number for different arrangements of the heat exchanger tube surfaces. It can be concluded that the friction coefficient decreases with increasing the Reynolds number. At a constant Reynolds number, the friction coefficient depends on the surface curvature. For example, a convex surfaces leads to larger coefficient of friction in comparison with other corrugated surfaces.
Compared to the case in which water is used as a working fluid in the heat exchanger, the value of friction factor show is higher for the same geometries. For example, in the Reynolds number of 10,000, Sadighi et al. [15] reported f = 0.15 for convex-convex arrangement (type F) while this value is 0.22 in the present work. This difference is due to the higher viscosity of the nanofluid compared to the base fluid. In this figure, the slightly slope of the changes is observed similar to Figure 4 . Figure 6 . Friction factor versus Reynolds number for different arrangements.
Effect of nanofluid
In this section, in addition to the water-CuO nanofluid, two nanofluids are considered as the working fluid: water-ZnO and water-SiO 2 . The volume fraction of these two nanofluids is also 3%. Figure 7 shows the results to explore the effect of the nanofluid. This figure represents a significant increase in the heat transfer rate in the heat exchanger when a nanofluid is used as a working fluid especially at low Reynolds numbers. As expected, using the water-CuO nanofluid concludes the highest Nusselt number due to higher thermal conductivity of copper. 
CONCLUSIONS
The effect of tube surface geometry of a double pipe heat exchanger was investigated for seven different arrangements in the presence of a nanofluid that flows in the outer tube. The results of the simulations showed that the heat transfer rate increases with the Reynolds number. The rate of the increase is smaller in comparison with the case in which water is a working fluid. It was found that the arrangement in which the inner tube is convex and the outer one is concave leads to the highest heat transfer rate. This is because of the effect of turbulence and higher rate of mixing. In general, as the tube surfaces are more curved, the Nusselt number increases. However, when the nanofluid is used as a working fluid, a significant result was obtained: when the working fluid in outer tube is nanofluid, the dependence of the Nusselt number on the Reynolds number decreases in comparison with the case in which water is the working fluid. In order to investigate the effect of nanofluid, two other nanofluids were also considered when the surface of the inner tube surface was concave and the outer one was smooth. The results showed that water-CuO nanofluid results in higher heat transfer in comparison with water-ZnO and water-SiO 2 nanofluids due to higher copper thermal conductivity. 
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